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7 Summary and Outlook 
In 1996, the X-ray satellite ROSAT observed strong X-ray 
emission from comet Hyakutake that was unexpected because 
comets are cold objects. Thereafter, many more comets were 
discovered in the (soft)-X-ray and it became clear that energetic 
emission is a general feature of comets. By now, the most widely
accepted scenario is that the emission results from electron 
transfer between highly-charged solar wind ions and neutrals in 
the out flowing cometary gas. At solar wind velocities, electron 
transfer dominates the interaction of multiply charged ions with
neutral gas. These charge-transfer processes are such a strong 
source of energetic photons because mainly excited states are 
populated, which subsequently decay through photon emission.




















qAwhere  denotes a projectile ion, which may be a solar wind
ion, B denotes a target molecule or atom, for example a molecule
in the comet atmosphere,  denotes the kinetic energy change 
due to the collision and represents the emitted photon. The 
projectile captures a certain number (s) of electrons from the 
target. The captured electrons usually end up in an excited state, 
which subsequently decay via photon emission. This implies the 
presence of emission lines in the cometary spectra. The EUVE 
satellite has discovered helium lines in the spectra of different
comets. The observed He (1s2po1s2) 58.4 nm and He+ (2po1s)
30.4 nm lines are generally ascribed to electron charge exchange 
between He
2+
 ions in the solar wind and neutral cometary species. 
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In this thesis the above-mentioned processes are studied in 
the laboratory. Using photon emission spectroscopy we are able 
to obtain state selective information about charge exchange 
processes, which are important not only for astrophysical 
applications but also for thermonuclear fusion research and for 
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testing existing theories. Photon emission spectroscopy can be 
used as a diagnostic tool for monitoring temperatures and 
densities of thermonuclear fusion plasmas. For this, accurate state 
selective charge exchange cross section data are necessary. 
Theories often differ from each other, especially at the low (few 
eV) energy regime, which is important for fusion research and for 
many astrophysical applications. Experimental data therefore are 
in strong demand.  
 Our experimental apparatus is described in chapter 2.  We 
used a VUV spectrometer, which enables us to efficiently resolve 
the different spectral lines resulting from the reactions described 
in (7.1), from which state selective charge exchange cross 
sections can be determined. The ions for our experiment are 
provided by an electron cyclotron resonance ion source. In order 
to obtain data at astrophysical relevant energies the ions have to 
be decelerated from their initial energy of a few keV to energies 
as low as a few eV. We used a radio frequency octopole ion guide 
to control the increasing radial divergences of the ion beam 
caused by the deceleration. 
In chapter 3 we briefly introduce the theory of radio 
frequency multipoles and present our calculations concerning the 
ion density distribution and the ion motion in our octopole device. 
These calculations give us more insight to control our experiment. 
It is found that space charge forces have a major influence on 
beam divergences at low beam energies. The calculations show 
that it is possible to perform measurements with low energy 
beams (down to few eV) in our apparatus, when certain criteria 
are fulfilled for the radio frequency voltage applied onto the 
ocotopole.
In chapter 4 we present our experimental data on He2+ ions
colliding on molecules of H2, CO and CO2. In the observed 
spectra the emission lines of the He
+
 (2po1s) and He (1s2po1s2)
transitions appeared to be the most intensive. They are a signature 
of single and double electron capture respectively. In accordance 
with theoretical models and earlier experiments the dominance of 
single-electron capture over double-electron capture swaps to 
dominance of double-electron capture at low energies. 
Differences between the energy dependencies of single-electron 
capture cross sections of the different targets can be qualitatively 
explained by the over-the-barrier model.  
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In chapter 5 results for He+ colliding on molecules of H2,
CO and CO2 are presented. Emission from the He (1s2po1s2)
transition resulting from single-electron capture has been found to 
be the most intensive for all the targets. He
+
 ions are created in 
cometary comas from He
2+
 by single electron capture. From our 
cross sectional data it is obvious that He
+
 ions are likely to give a 
significant contribution to cometary VUV emission.  
We developed a simple model for comet – solar wind 





 solar wind ions are calculated as they penetrate 




is increasing due to charge exchange processes. The calculations 
are compared to ion densities in the comet Halley atmosphere, 
which have been measured by the Giotto spacecraft. The 
tendencies are very similar, but in certain regions discrepancies 
are found.
 Based on the calculated ion densities and our cross 
sectional data the luminosity of comets Hale-Bopp and Hyakutake 
for the He
+
 (2po1s) and He (1s2po1s2) transitions are calculated 
and compared to the observations. The deviations that are found 
between observations and calculations may be attributed to 
fluctuations in the solar wind density. In the calculations the He
+
(2po1s) / He (1s2po1s2) line emission ratio is found to be 
primarily dependent on the solar wind velocity. Comparing the 
observed line emission ratios with the calculated ones the solar 
wind velocities can be determined. The obtained velocities are 
typical for slow solar winds. 
As conclusions we can state that our measurements provide 
excellent data for cometary modeling. We measured the energy 
dependency of line emission cross sections over a wide energy 
range (50 eV – 10 keV). As an advantage of our experimental 
method the obtained (relative) energy dependences do not depend 
on absolute calibration procedures. The investigated collision 
systems and energies are specially of importance for comet – solar 
wind interactions. Our line emission cross sections are directly 
usable for modeling cometary VUV emission, which we have 
demonstrated through our model calculations. We found that line 
emission ratios can be used as a solar wind velocity probe.  
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In future experiments other targets such as water, hydroxyl 
and atomic oxygen, may be used to provide a data set, with which 
our cometary model can be further refined. Water is the most 
abundant species in the cometary ice, but due to the sun’s UV 
radiation it decays fast to hydroxyl and subsequently to atomic 
oxygen, which therefore dominates the outer regions of cometary 
atmospheres. The demand for data on atomic oxygen is therefore 
high. Theoretical calculations can be implemented much easier 
for atomic than for molecular targets, although standard one-
electron approximations might be inaccurate as oxygen has four 
equivalent outer shell electrons. Experiments on atomic oxygen 
could provide the necessary benchmark for theories. However it is 
also not unlikely that ionization potentials of targets determine 
one-electron capture cross sections primarily and their molecular 
and electronic structures play only a minor role. This tendency 
was observed for many molecules and for atomic hydrogen. 
Generalizing it to other atomic targets however would require 
more experimental proof.  
On the other hand using heavier projectiles the emission of 
other solar wind ions (for example O7+) can be studied. There is a 
challenge in the cometary modeling here since the ions’ charge 
state is gradually decreasing due to charge exchange as they 
penetrate into the cometary atmosphere. This leads to complicated 
emission spectra, to which all charge states are contributing. 
However these spectra contain valuable information on solar wind 
composition and intensity. 
